The effect of abscisic acid on stomatal apertures of sunflower (Helianthus annuus (L.)) was investigated with a new method for feeding solutions into an attached leaf of an intact plant. Xylem sap was sampled with a Passioura-type pressure chamber. Then it was modified in its composition and fed back into a mature leaf of the plant from which it had been collected before the experiment. Simultaneously, unmodified xylem sap was fed into a control leaf at the same internode. The use of the Passioura-type pressure chamber during feeding, prevented embolisms and ensured minimum dilution of the feeding solution. The effect of feeding was measured by two gas exchange systems, located at the treatment and at the control leaf. During the feeding experiments up to 84% of the water volume transpired by the leaf was substituted by the supplied feeding sap. When feeding xylem sap, to which 2.5 mmol m~3 ABA (physiological range) was added, leaf conductance decreased to a similar value as in drought experiments. A log-linear relationship between the fed ABA-concentration and leaf conductance was observed. Low stomatal conductance was dependent on a continuous supply of ABA to the leaf. When total ABA-influx into the leaf was large, either due to long-term feeding of low concentrations or short-term feeding of high concentrations (i) recovery after feeding started later and (ii) the rate of recovery was decreased. Therefore, stomatal responses after short-term and long-term ABA-feeding were dependent on the loading of ABA into the leaf and not only on ABA-concentrations. The effectiveness of fed ABA was also dependent on the light intensity at the fed leaf.
Introduction
Leaf conductance and leaf growth are controlled, in part, by xylem-transported root signals during soil water deficit (Davies and Zhang, 1991) . Evidence for root-to-shoot communication came from split-root experiments (Zhang et al., 1987) and studies using the Passioura-type pressure chamber (Gollan et al., 1986) . In these experiments plants experienced soil drying without changes in leaf water status. Therefore, the observed stomatal and leaf growth responses could be attributed to root water status and not to changes in leaf water status (Gollan et al., 1986; Gowing et al., 1990 ). An increase of abscisic acid (ABA) concentration in xylem sap was detected in experiments in the laboratory (Zhang and Davies, 1990; Schurr et al., 1992) and in the field (Wartinger et al., 1990; Tardieu etai, 1991) .
The role of ABA in root-to-shoot communication has been studied by supplying ABA to various parts of wellwatered plants, leaves or parts of leaves. These experiments supported the view that ABA might mainly be a root signal, although conflicting observations have been presented (Munns and King, 1988; Zhang and Davies, 1991) . It appears that the stomatal reaction to ABA is not simple. Sensitivity of stomata to ABA varied with respect to nutritional status (Radin and Hendrix, 1988) , ionic composition of the xylem sap (Schurr et al., 1992) , age of the treated leaf (Atkinson et al., 1989) and the leaf water status (Tardieu and Davies, 1992) . Differences in the observed responses after feeding ABA could also result from the method used for ABA-application (Trejo et al., 1993) . These experiments suggested the importance of ABA storage and the metabolic capacity of the mesophyll to remove ABA from the apoplast and, therefore, from the receptors sited on the outside of the guard cell plasma membrane (Hartung, 1983; Hornberg and Weiler, 1984; Anderson et al., 1994) .
It can be hypothesized that previous contradicting observations are based on the fact that not concentrations but flux rates of ABA are regulating the leaf response (Jackson, 1993) . Therefore, it can be expected that the balance of import via xylem and metabolism of ABA in mesophyll cells determines the fraction of ABA which reaches the epidermis. To investigate these assumptions a new feeding method was developed which allows the control of ABA flux in conjunction with experiments that may perturb the ABA metabolism.
Feeding techniques reported in the literature are usually hampered by the the fact that hydraulic pressure in the xylem sap is below atmospheric pressure leading to immediate cavitations in the xylem when xylem strands are cut. Additionally, solutions fed into the plants differ in their constitution from xylem sap and, therefore, more than one factor might be altered by these methods. To help overcome these difficulties the Passioura-type pressure chamber was used (1) to control hydraulic pressure in the xylem sap and (2) to provide original xylem sap from the treated plant beforehand, which was then fed back into this plant after changing its ABA concentration.
Materials and methods

Seeds of sunflower plants (Helianthus annuus L cv. Hysun 30)
were germinated between sheets of filter paper. Plants were grown as described by Gollan et al. (1992) , in special plastic pots with a diameter of 155 mm and a height of 257 mm. The pots were filled with sandy-loam soil, which was previously dried for 48 h at 100 °C. The soil was packed to a mean bulk soil density of 1480 kg m" 3 . All plants were regularly watered with a modified Hoagland solution, which contained (in mol m"
3 ) 3.5 K\ 3. . Plants were cultivated in a growth chamber with a day/night regime of 14/10 h (07:00 h to 09:00h), an air temperature of 22 °C and a dew point temperature of 15°C. Photon flux density at the top of the plants was 300 /imol m" 2 s" 1 . All feeding experiments were carried out in a second growth chamber with the same photoperiod, an air temperature of 20 °C, a dew point temperature of 12°C and a light intensity of 450 ^mol photons m~2 s" 1 at the top of the plants. For the feeding experiment, mature source leaves from 4-week-old plants were used. All feeding experiments were carried out between 11:00 h and noon.
Description of the feeding system
The hydrostatic pressure of the xylem was regulated by application of pneumatic pressure to the root system of plants by a Passioura-type pressure chamber (Passioura, 1987) . The partial pressure of oxygen was kept constant automatically at 0.02 MPa by mixing of nitrogen gas and compressed air. The pressure chamber was used (i) for sampling of xylem sap and (ii) for temporally negating xylem sap underpressures, thus allowing xylem elements to be cut for feeding experiments without causing embolisms. The effect of feeding was measured by two gas exchange systems attached to the treatment and control leaves (Fig. 1) Fig. 1 . Feeding was carried out using a Passioura-type pressure chamber, in which a root system of a sunflower plant was placed. The feeding system at two opposing leaves consisted of three elements per leaf connected in series from the base to the top of the leaf: the feeding site (two cut sideribs covered with silicone tubes), the measuring site (gas exchange cuvette) and the sampling site (a cut midrib attached to a silicon tube).
1995). The following day, a sample of xylem sap with modified level of ABA was fed back to a leaf on the same plant.
Simultaneously, an unmodified sample was fed into another leaf (control) on the same plant. The two sideribs near the base of the leaves (3rd leaf pair) were cut for feeding (Fig. 1) . The free ends of the sideribs were fitted with silicon tubing of similar diameter and length. In the central part of the leaf, a gas exchange cuvette was located for continuous gas exchange measurements. The ABA-concentration of feeding sap was adjusted from a 10 mol m" 3 cis/trans ABA (Sigma) stock solution (racemic). Due to the low solubility of ABA in water, the stock solution was prepared with 1% methanol. For comparability, 1% methanol was added to the control solution. The feeding procedure involved three phases of pressure change in the root pressure chamber (Fig. 2) .
Phase 1 (Fig. 2C , a-b): Pressure at the root system was increased until xylem sap exuded and filled the silicone tubes (approximately 0.2-0.3 MPa). To the treated leaf side a vial filled with xylem sap, which had been collected the day before and enriched with ABA, was attached to the tubing without introducing air bubbles. Simultaneously, unmodified sap was offered to the control leaf located at the same node on the same plant.
Phase 2: (Fig. 2C , c-d) The pressure was decreased at the root system. This caused an uptake of the solutions into the leaves until the silicone tubes were removed and feeding was stopped. Pressure was kept at 0.08 MPa to ensure identical conditions of feeding in all plants. The duration of feeding was short relative to the effects of feeding. Therefore, uptake rates at the control and the feeding leaf were very similar.
Phase 3: (Fig. 2C , e) After the end of feeding the pressure in the root chamber was raised again to cause exudation at the cut midrib of the leaf tip ( Fig. 1 ) for recollecting xylem sap for 30 min. However, these saps were not included in the later analysis.
The distribution of the feeding sap within the treated leaf was investigated by feeding an apoplast-mobile fluorescent dye 
Stomatal response to abscisic acid 1407
[0.1% Trisodium 3-hydroxy-5,8,10-pyrentrisulphonate (PTS) in water (Eastman et ai, 1988) ]. The distribution of PTS in the intact leaf was determined after the end of feeding by localization of PTS fluorescence on excitation with UV-light (340 nm). Gas exchange of control and the ABA-fed leaves were measured either by a stationary gas exchange system as described by Gollan et al. (1992) or by a porometer as described by Zimmermann (1990) . The distance between the gas exchange cuvette and the site of feeding was almost constant for all plants. In the gas exchange cuvettes, air temperature was maintained at 21 °C. The dew point of the air entering both cuvettes was adjusted to 12 °C. The concentration of CO 2 in the incoming air was maintained at 350 ftm 3 m~3. Transpiration, leaf conductance and net photosynthesis were calculated according to von Caemmerer and Farquhar (1981) . To determine the influence of ABA import rate on leaf conductance the feeding conditions were kept as constant as possible, (i) The pressure in the root chamber was kept constant at 0.08 MPa to maintain xylem water potential during the feeding period, (ii) Mature leaves of similar size and age were selected to avoid the complicating effects of leaf ontogeny on leaf water potential (Schulze and Hall, 1982) . This also avoided age-related variation on the ABA-reaction such as a differing capacity for ABAcatabolism (Cornish and Zeevaart, 1984) or changed sensitivity of stomata (Atkinson et al., 1989) .
When the effect of different light conditions on the ABAreaction was studied, two leaves at the same node of the plant were exposed either to 450 or to 200 ^mol photons m~2 s~' during ABA-feeding. To cover the same areas of treatment or control leaves, two identical gas exchange cuvettes were used for these measurements.
Results
Evaluation of the method
During application of the method, pressure in the root pressure chamber was changed from atmospheric pressure to balancing pressure (approximately 0.3 MPa), to 0.08 MPa and back to atmospheric pressure again. However, there was no effect on leaf conductance when unmodified xylem sap was fed to the control leaf ( Fig. 2A) . When a similar leaf at the same node was fed with xylem sap containing lOmmol m~3 ABA, leaf conductance decreased and reached a minimum at 40% of the initial value (Fig. 2B) . When feeding was terminated leaf conductance increased to a new steady state. When 1 mmol m~3 ABA was fed no response could be detected (results not shown). The rate of uptake of the feeding solution into the leaf depended on the pressure at the root system during feeding and, therefore, on the gradient of water potential between the xylem and the external feeding solution (data not shown). To standardize the feeding experiments, a constant pressure of 0.08 MPa in the root chamber was applied during the feeding phase (Fig. 2C, d) .
When ABA was supplied via a single siderib, leaf conductance declined 30% less than when feeding was carried out at two sideribs (Fig. 3) . This difference can 167.7 ± 4.7 (cm ) 2.2 ± 0.1 (ml) 1.68 ± 0.1 (ml)
83.7 ± 7.5 33.9 ± 1.7 (mln) 1 10 100 ABA-concentration of the feeding sap (/iM) Fig. 3 . Relationship between uptake and transpiration, the distribution of the feeding sap marked with 0.1% PTS-solution and changes in the leaf conductance after ABA-feeding relative to feeding into one and two sideribs. Relative leaf conductance is defined as the minimum leaf conductance reached on feeding ABA, as a percentage of the initial leaf conductance. Each point represents an individual plant.
be explained by the distribution of feeding solutes. On feeding the apoplastic tracer PTS via one siderib, fluorescence could be detected only in one half of the leaf (Fig. 3) . When PTS was fed via two sideribs, fluorescence was observed in the whole leaf. Therefore ABA supplied via two sideribs reached more stomata and leaf conductance decreased to a greater extent. The volume of water taken up during feeding corresponded to 84% of the water volume transpired by the leaf. When the uptake occurred via two sideribs (Fig. 3 ) the rates of uptake of feeding sap did not differ between the two sideribs (paired /-test, P ^0.4). ABA did not affect the rate of uptake during feeding (paired /-test, / > >0.1), because due to the short duration of feeding, the rate of uptake was mainly governed by the water relations of the leaves at the onset of feeding. Whether feeding was via one or two sideribs. a log-linear relationship was found between ABA-concentration and leaf conductance. Therefore, in this method, feeding can be limited to one half of the leaf and control and treatment can be located within the same leaf.
ABA-feeding
To vary the amount of ABA imported into the leaf (i) the concentration of ABA in the feeding solution was kept constant (5 mol m~3) while duration of feeding was varied from 30 to 180 min (long-term feeding) (Fig. 4A) or (ii) the duration of feeding was kept constant (30 min) while the concentration was changed (short-term feeding) (Fig.4B ).
During long-term feeding leaf conductance decreased rapidly to 30-40% of the initial value. Low values of 3 is smaller than the symbol used). All data were obtained with identical location and size of gas exchange cuvettes. stomatal conductance were maintained until the end of feeding and the duration of stomatal closure was increased with length of feeding period. Therefore, low stomatal conductance was dependent on a continuous supply of ABA to the leaf. It is important to notice that the rates of recovery after the end of feeding and the leaf conductance at the new steady states were lower when feeding times were increased. When ABA-concentration was varied in short-term feeding experiments from 2.5 to 25 mol m" 3 , rates of recovery differed little in duration and slope, although the extent of closure achieved within 30 min increased with concentration. Obviously, ABA was either rapidly removed or metabolized. During drought experiments a 30% reduction of leaf conductance associated with 2 mmol m~3 endogenously produced ABA was found in the xylem sap of sunflower (Schurr et ai, 1992) . A similar reduction (35% from the initial value) was observed when feeding 2.5 mmol m~3 ABA for 30 min (Fig. 4B) . When ABA-influx into the leaf was large, either due to short-term feeding (feeding high concentrations-50 and 100 mmol m~3 ABA for 30 min) or to long-term feeding (5 mmol m 3 ABA for 120 and 180 min) (1) recovery of leaf conductance started later and (2) was slower than at low ABA-influx.
To explore the potential of this method to test the influence of external conditions (e.g. light intensity) on stomata responsiveness to ABA fed into the leaves, two similar cuvettes were attached to leaves at the same node. These cuvettes were larger than those used in the preceding experiments. The fact that these cuvettes included parts of the leaf further away from the feeding point, which were obviously less accessible or responsive to ABA (compare Fig. 3 ), resulted in a smaller decline of leaf conductance in response to 5 mmol m~3 ABA at the same light conditions as in the experiments shown in Fig. 4 . To maintain uptake rates constant, light conditions were choosen, which were checked beforehand to cause identical leaf conductance and transpiration and feeding period was kept short relative to the treatment. Uptake rates during the experiments were independently checked during the experiments to be constant for both conditions. The decline of leaf conductance in response to ABA was strongly enhanced when the leaf was exposed to low light conditions (Fig. 5) . Low light intensity (200 jzmol photons m~2 s" 1 ) during ABA-feeding caused a 50% decrease in leaf conductance. This decline was 2-fold larger than during ABA-feeding at 450 ^mol photons m^s" 1 .
Discussion
A new use for the Passioura-type root pressure chamber is presented, which allows feeding of modified xylem sap into an attached leaf of sunflower via the transpiration stream. This technique overcomes some of the restrictions of other feeding techniques.
(1) It allows xylem sap sampled from one plant to be fed into the same plant again reducing the risk of physiological reactions to changes other than those intended. (2) Feeding is achieved using intact, transpiring plants allowing for almost unchanged physiological conditions during feeding. (3) In contrast to other techniques such as injection into the stem or application to the root system, concentrations and composition of the solution entering the leaf are known exactly. Only with a feeding method of this kind can the importance of distribution of feeding solution in the leaf blade be observed. Such localized responses were seen as differences between feeding via one or two sideribs and from the effect of using gas exchange cuvettes covering different amounts of leaf area.
Reductions of leaf conductance similar to those observed in drought experiments were obtained with ABA-feeding. During root drought, a 30% reduction of leaf conductance at 2 mmol m~3 endogenous ABA in the xylem sap had been found previously (Schurr et al., 1992) . Feeding 2.5 mmol m~3 ABA resulted in a 35% reduction of leaf conductance. Obviously there was little dilution of the feeding solution during feeding because up to 84% of the water volume lost during feeding by transpiration was taken from the feeding vial via two sideribs. After short-term-feeding of ABA, leaf conductance initially decreased and then recovered after the end of feeding. The log-linear relationship, which was found between the ABA-concentration in the feeding solution, and the decrease in leaf conductance resembles those found in other feeding experiments (Zhang and Davies, 1990; Gowing et al., 1993) . Also, the kinetics of stomatal reaction were comparable with those observed by Cummins et al. (1971) and Atkinson et al. (1989) . Obviously, ABA was either rapidly removed or metabolized at the receptor sites following feeding. ABA might be removed from the apoplast either by intermediate storage in the mesophyll (Slovik and Hartung, 1992) , by catabolism of ABA in the mesophyll cells (Zeevaart and Creelman, 1988) or by phJoem export (Henson et al., 1986) . When ABA-influx into the leaves was large during long-term feeding or short-term feeding, recovery after feeding was delayed and the new steady-state was decreased which indicated prolonged inhibition of the Fig. 4 were used in order to have two identical cuvettes attached to the same plant (see text). ABA feeding rates were 0.245±0.043 and 0.257±0.054 nmol ABA m~2 s" 1 for high and low light conditions, respectively. Initial leaf conductance was not significantly different between high and low light conditions. stomatal opening. This decrease of the new steady-state was also observed in field-grown maize plants fed with ABA over 24 h (Tardieu et al., 1993) . The following concept could explain these observations. The receptor sites for ABA at the stomata are located at the outside of the guard cells (Hartung, 1983; Horn berg and Weiler, 1984; Anderson et al., 1994) . Therefore, the stomata were expected to react to the ABA present in the apoplast surrounding the guard cells. The slow recovery of leaf conductance after the end of feeding when ABAinflux was large can be attributed to a mesophyll overcharged with feeding-derived ABA. When ABA-feeding was stopped, endogenous xylem sap with a 3-fold lower concentration of ABA reached the leaf (i.e. ABA concentration of xylem sap before ABA was added). Therefore, a gradient between high ABA-concentrations in the symplast and low ABA-concentrations in the apoplast might have existed. Under these circumstances the mesophyll released ABA into the apoplast maintaining the stomata closed. This release of ABA suggests that the capacity of the ABA-removing mechanisms (metabolism or phJoem export, Slovik and Hartung 1992) was exceeded when ABA-import was higher than 2.0 /j,mol ABA m~2 of leaf area.
In these experiments it was not possible to separate the effects of pH-dependent storage capacity, catabolism and phloem export on ABA-removal from the apoplast. However, feeding experiments with tetcyclacis, an inhibitor of the catabolism of ABA to phaseic acid (Daeter and Hartung, 1990) , suggest that catabolism of ABA could be a crucial step for the removal of ABA from the apoplast (Trejo et al., 1993) . The minor differences in the half-times of recovery when ABA concentration in the feeding solution was in the range of 2.5 to 25 mmol m~3 could be explained by a positive feedback mechanism on ABA catabolism (Pierce and Raschke, 1981) . In this range of fed ABA concentrations, turnover in the mesophyll could increase to match the increased input of ABA. Further increase of ABA import by feeding high concentrations of ABA, or feeding over a longer time, probably resulted in the overcharge phenomenon, where capacity for catabolism was exceeded. The decline of leaf conductance was strongly enhanced when the leaf was exposed to low light conditions. The reasons for this response must be located in the leaf itself and could be connected to changes in the balance of removal, import of distribution of ABA in the leaf. This light effect showed again the importance of leaf conditions for the stomatal reaction under conditions, when ABA is supplied to the leaf via the xylem!
